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Abstract
In this article, we study the ground states and the first radial excited states of the Zc
tetraquark states with JPC = 1+− via the QCD sum rules systematically, and observe that
there are one axialvector tetraquark candidate for the Zc(3900) and Zc(4430), two axialvec-
tor tetraquark candidates for the Zc(4020), three axialvector tetraquark candidates for the
Zc(4600).
PACS number: 12.39.Mk, 12.38.Lg
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1 Introduction
Recently, the LHCb collaboration performed an angular analysis of the B0 → J/ψK+π− de-
cays using proton-proton collision data, studied the m(J/ψπ−) versus m(K+π−) plane, and ob-
served two possible structures near m(J/ψπ−) = 4200MeV and 4600MeV, respectively [1]. There
have been two tentative assignments of the structure Zc(4600) near m(J/ψπ
−) = 4600MeV, the
[dc]P [u¯c¯]A − [dc]A[u¯c¯]P vector tetraquark state with JPC = 1−− [2] and the first radial excited
[dc]T [u¯c¯]A − [dc]A[u¯c¯]T tetraquark state with JPC = 1+− [3]. In this article, we use the subscripts
S, P , V , A and T to denote the scalar, pseudoscalar, vector, axialvector and tensor diquark states,
respectively.
In 2013, the BESIII collaboration observed a structure Zc(3900) in the π
±J/ψ mass spectrum
with a mass of (3899.0 ± 3.6 ± 4.9)MeV and a width of (46 ± 10 ± 20)MeV, respectively [4].
The Zc(3900) was also observed by the Belle collaboration [5] and was confirmed by the CLEO
collaboration [6]. Also in 2013, the BESIII collaboration observed the Z±c (4025) near the (D
∗D¯∗)±
threshold in the process e+e− → (D∗D¯∗)±π∓ [7]. Furthermore, the BESIII collaboration observed
the Z±c (4020) in the π
±hc mass spectrum in the process e
+e− → π+π−hc [8]. The Zc(4020) and
Zc(4025) are taken as the same particle in The Review of Particle Physics [9]. In 2014, the LHCb
collaboration studied the B0 → ψ′π−K+ decays by performing a four-dimensional fit of the decay
amplitude, and provided the first independent confirmation of the existence of the Zc(4430)
− state
and established its spin-parity to be 1+ [10]. In 2017, the BESIII collaboration determined the
spin and parity of the Zc(3900) state to be J
P = 1+ with a statistical significance larger than 7σ
over other quantum numbers [11].
The Zc(3900) and Zc(4430) can be assigned to be the ground state and the first radial excited
state respectively according to the analogous decays, Zc(3900)
± → J/ψπ±, Zc(4430)± → ψ′π±,
and the mass gaps MZ(4430)−MZ(3900) ≈ mψ′ −mJ/ψ [12, 13]. In Ref.[14], we apply the approach
suggested in Ref.[15] for the quarkonium to study the Zc(3900) and Zc(4430) as the ground state
and the first radial excited state of the axialvector hidden-charm tetraquark states, respectively,
and use the energy scale formula µ =
√
M2X/Y/Z − (2Mc)2 with the effective c-quark mass Mc to
determine the ideal energy scales of the QCD spectral densities [16]. In Ref.[17], this subject is
studied in another QCD sum rules approach. In Refs.[18, 19], we observe that the Zc(4020/4025)
can be assigned to be the ground state [uc]A[d¯c¯]A tetraquark state with J
PC = 1+− based on the
QCD sum rules. If the Zc(4600) is the first radial excited state of the Zc(4020/4025), its preferred
decay mode is Zc(4600)→ ψ′π rather than Zc(4600)→ J/ψπ.
In this article, we intend to perform a detailed and updated analysis of the ground states
and the first radial excited states of the Zc states with the QCD sum rules, and explore the
1E-mail: zgwang@aliyun.com.
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possible assignments of the Zc(4600) state in the scenario of the axialvector tetraquark states with
JPC = 1+−.
The article is arranged as follows: we obtain the QCD sum rules for the axialvector Zc states
in section 2; we present the numerical results and discussions in section 3; section 4 is reserved for
our conclusion.
2 The QCD sum rules for the axialvector tetraquark states
We write down the two-point correlation functions Πµν(p) and Πµναβ(p) in the QCD sum rules,
Πµν(p) = i
∫
d4xeip·x〈0|T
{
Jµ(x)J
†
ν (0)
}
|0〉 ,
Πµναβ(p) = i
∫
d4xeip·x〈0|T
{
Jµν(x)J
†
αβ(0)
}
|0〉 , (1)
where Jµ(x) = J
1
µ(x), J
2
µ(x), J
3
µ(x),
J1µ(x) =
εijkεimn√
2
[
uTj(x)Cγ5c
k(x)d¯m(x)γµCc¯
Tn(x)− uTj(x)Cγµck(x)d¯m(x)γ5Cc¯Tn(x)
]
,
J2µ(x) =
εijkεimn√
2
[
uTj(x)Cσµνγ5c
k(x)d¯m(x)γνCc¯Tn(x) − uTj(x)Cγνck(x)d¯m(x)γ5σµνCc¯Tn(x)
]
,
J3µ(x) =
εijkεimn√
2
[
uTj(x)Cσµνc
k(x)d¯m(x)γ5γ
νCc¯Tn(x) + uTj(x)Cγνγ5c
k(x)d¯m(x)σµνCc¯
Tn(x)
]
,
Jµν(x) =
εijkεimn√
2
[
uTj(x)Cγµc
k(x)d¯m(x)γνCc¯
Tn(x)− uTj(x)Cγνck(x)d¯m(x)γµCc¯Tn(x)
]
, (2)
the i, j, k,m, n are color indexes, the C is the charge conjugation matrix. Under charge conjugation
(parity) transform Ĉ (P̂ ), the currents Jµ(x) and Jµν(x) have the properties,
ĈJµ(x)Ĉ
−1 = −Jµ(x) ,
ĈJµν(x)Ĉ
−1 = −Jµν(x) ,
P̂ Jµ(x)P̂
−1 = −Jµ(x˜) ,
P̂ Jµν(x)P̂
−1 = Jµν(x˜) , (3)
the four vectors xµ = (t, ~x) and x˜µ = (t,−~x).
The diquark operators εijkqTj CΓQk in the attractive color antitriplet 3¯c channel have five
structures in Dirac spinor space, where CΓ = C, Cγ5, Cγµγ5, Cγµ and Cσµν or Cσµνγ5 for the
pseudoscalar, scalar, vector, axialvector and tensor diquarks, respectively. The QCD sum rules
calculations indicate that the favored diquark configurations are the scalar and axialvector diquark
states [20]. If there exists an additional P-wave between the light quark and heavy quark, we can
obtain the pseudoscalar and vector diquark operators εijkqTj Cγ5γ5Qk and ε
ijkqTj Cγµγ5Qk without
introducing the additional P-wave explicitly, as multiplying a γ5 can change the parity, the P-wave
effect is embodied in the underlined γ5. Compared to the scalar and axialvector diquark states,
the pseudoscalar and vector diquark states or the P-wave diquark states have larger masses.
The tensor heavy diquark operators εabcqTb (x)Cσµνγ5Qc(x) and ε
abcqTb (x)CσµνQc(x) have both
JP = 1+ and 1− components,
P̂ εabcqTb (x)Cσjkγ5Qc(x)P̂
−1 = +εabcqTb (x˜)Cσjkγ5Qc(x˜) ,
P̂ εabcqTb (x)Cσ0jQc(x)P̂
−1 = +εabcqTb (x˜)Cσ0jQc(x˜) ,
P̂ εabcqTb (x)Cσ0jγ5Qc(x)P̂
−1 = −εabcqTb (x˜)Cσ0jγ5Qc(x˜) ,
P̂ εabcqTb (x)CσjkQc(x)P̂
−1 = −εabcqTb (x˜)CσjkQc(x˜) , (4)
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where the space indexes j, k = 1, 2, 3. The tensor diquark operators also play an important role
in constructing the tetraquark current operators [21]. We project out the 1+ and 1− components
by multiplying the tensor diquark operators with the axialvector or vector antidiquark operators
to construct the current operators J2µ(x) and J
3
µ(x). Thereafter, we will denote the vector and
axialvector components of the tensor diquark operators as the V˜ and A˜, respectively.
The currents J1µ(x), J
2
µ(x) and J
3
µ(x) couple potentially to the [uc]S [d¯c¯]A − [uc]A[d¯c¯]S type,
[uc]A˜[d¯c¯]A − [uc]A[d¯c¯]A˜ type and [uc]V˜ [d¯c¯]V + [uc]V [d¯c¯]V˜ type axialvector tetraquark states with
JPC = 1+−, respectively. While the current Jµν(x) couples potentially to both the [uc]A[d¯c¯]A
type axialvector tetraquark state with JPC = 1+− and vector tetraquark state with JPC = 1−−.
Thereafter, we will not distinguish the positive and negative electric charge of the Zc states, as
they have degenerate masses.
At the hadron side, we can insert a complete set of intermediate hadronic states with the same
quantum numbers as the current operators Jµ(x) and Jµν(x) into the correlation functions Πµν(p)
and Πµναβ(p) to obtain the hadronic representation [22, 23]. After isolating the ground state
contributions of the axialvector and vector tetraquark states, we obtain the results,
Πµν(p) =
λ2Z
m2Z − p2
(
−gµν + pµpν
p2
)
+ · · ·
= ΠZ(p
2)
(
−gµν + pµpν
p2
)
+ · · · , (5)
Πµναβ(p) =
λ˜2Z
m2Z − p2
(
p2gµαgνβ − p2gµβgνα − gµαpνpβ − gνβpµpα + gµβpνpα + gναpµpβ
)
+
λ˜2Y
m2Y − p2
(−gµαpνpβ − gνβpµpα + gµβpνpα + gναpµpβ) + · · ·
= ΠZ(p
2)
(
p2gµαgνβ − p2gµβgνα − gµαpνpβ − gνβpµpα + gµβpνpα + gναpµpβ
)
+ΠY (p
2) (−gµαpνpβ − gνβpµpα + gµβpνpα + gναpµpβ) , (6)
where the Z denotes the axialvector tetraquark states, the Y denotes the vector tetraquark states,
the pole residues λZ , λ˜Z and λ˜Y are defined by
〈0|Jµ(0)|Zc(p)〉 = λZ εµ ,
〈0|Jµν(0)|Zc(p)〉 = λ˜Z εµναβ εαpβ ,
〈0|Jµν(0)|Y (p)〉 = λ˜Y (εµpν − ενpµ) , (7)
ε0123 = −1, the εµ are the polarization vectors of the vector and axialvector tetraquark states with
the property, ∑
λ
ε∗µ(λ, p)εν(λ, p) = −gµν +
pµpν
p2
. (8)
The diquark-antidiquark type currents Jµ(x) and Jµν(x) couple potentially to the diquark-
antidiquark type tetraquark states. We can perform Fierz rearrangements to those currents both
in the color and Dirac-spinor spaces to obtain a series of color singlet-singlet type currents, for
example,
J1µ =
1
2
√
2
{
ic¯iγ5c d¯γ
µu− ic¯γµc d¯iγ5u+ c¯u d¯γµγ5c− c¯γµγ5u d¯c
−ic¯γνγ5c d¯σµνu+ ic¯σµνc d¯γνγ5u− ic¯σµνγ5u d¯γνc+ ic¯γνu d¯σµνγ5c
}
, (9)
while the components such as c¯iγ5c d¯γ
µu, c¯γµc d¯iγ5u, etc couple potentially to the meson-meson
pairs or molecular states.
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However, we should be careful in performing the Fierz rearrangements, the rearrangements in
the color and Dirac-spinor spaces are highly non-trivial, the scenarios of the tetraquark states and
molecular states are quite different.
According to the arguments of Selem and Wilczek, a diquark-antidiquark type tetraquark can
be plausibly described by two diquarks in a double well potential separated by a barrier [24]. At
long distances, the diquark and antiquark serve as point color charges, and attract each other
strongly just as in the quark-antiquark system. However, at shorter distances, the attractions
between quarks and antiquarks reduce the binding energy of the diquarks and tend to destroy
the diquarks. Those effects (beyond the naive one-gluon exchange force) increase at decreasing
distance and produce a repulsion between diquark and antidiquark, if large enough, it will lead
to a barrier between the diquark and antidiquark [25]. The double well potential separated by a
barrier can give successful descriptions of the tetraquark states [25].
While in the dynamical picture of the tetraquark states, the large spatial separation between
the diquark and antidiquark leads to small wave-function overlap between the quark-antiquark
pair [26], the rearrangements in the color and Dirac-spinor spaces are highly suppressed.
It is difficult to account for the non-local effects between the diquark and antidiquark pair in
the currents Jµ(x) and Jµν(x) directly, for example, the current J
1
µ(x) can be modified to
J1µ(x, ǫ) =
εijkεimn√
2
[
uTj(x)Cγ5c
k(x)d¯m(x+ ǫ)γµCc¯
Tn(x + ǫ)− uTj(x)Cγµck(x)d¯m(x+ ǫ)
γ5Cc¯
Tn(x+ ǫ)
]
, (10)
to account for the non-locality by adding a finite ǫ, but it is difficult to deal with the finite ǫ in
carrying out the operator product expansion, we have to take the limit ǫ→ 0. However, we should
not take it for granted that the diquark-antidiquark type currents can be rearranged freely to a
series of color singlet-singlet type currents, which couple potentially to the meson-meson pairs or
molecular states.
The lowest order contributions in the correlation functions for the diquark-antidiquark type
tetraquark currents can be described by the Feynman diagram shown in Fig.1. The corresponding
lowest order contributions in the correlation functions for the color singlet-singlet type tetraquark
currents can be described by the Feynman diagrams shown in Fig.2. The Feynman diagram
shown in Fig.1 cannot be factorized into the two Feynman diagrams shown in Fig.2 freely due to
the barrier (or spatial separation) between the diquark and antidiquark [25, 26]. When a quark
(antiquark) in the diquark (antidiquark) penetrates the barrier, the Feynman diagram shown in
Fig.1 is factorizable. In this case, the non-factorizable diagrams start at the order O(α2s) [27].
In Ref.[27], Lucha, Melikhov, and Sazdjiand argue that the diquark-antidiquark type currents
can be changed into the color singlet-singlet type currents through Fierz transformation, the Feyn-
man diagrams contribute to the quark-gluon operators of the order O(1) and O(αs) in the operator
product expansion are factorizable and are canceled out by the contributions of the two-mesons
states at the hadron side, furthermore, the factorizable parts of the Feynman diagrams of the
order O(α2s) are also canceled out by the contributions of the two-mesons states, the relevant non-
factorizable contributions start at the O(α2s). We do not agree with their viewpoint, as there exists
a repulsive barrier [24, 25] or a large spatial separation [26], which are embodied in the non-local
effects, to prevent performing the Fierz transformation freely, although at the present time we
cannot take into account the non-local effects in the QCD sum rules. Our viewpoint is that the
relevant contributions begin at the order O(1), it is not necessary to perform or it is difficult to
perform the Fierz transformation to separate the factorizable and non-factorizable contributions,
we should take into account all the Feynman diagrams for the diquark-antidiquark type currents.
When the quark or antiquark penetrates the barrier, we can perform the Fierz rearrangements,
and study the effects of the scattering states. In the following, we study the contributions of the
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Figure 1: The Feynman diagram of the lowest order contributions for the diquark-antidiquark
type currents, where the solid lines and dashed lines denote the light quarks and heavy quarks,
respectively.
Figure 2: The Feynman diagrams of the lowest order contributions for the color singlet-singlet
type currents, where the solid lines and dashed lines denote the light quarks and heavy quarks,
respectively.
intermediate meson-loops to the correlation function Πµν(p) for the current J
1
µ(x) as an example,
Πµν(p) = − λ̂
2
Z
p2 − M̂2Z
g˜µν(p)− λ̂Z
p2 − M̂2Z
g˜µα(p)ΣDD∗(p)g˜
αβ(p)g˜βν(p)
λ̂Z
p2 − M̂2Z
− λ̂Z
p2 − M̂2Z
g˜µα(p)ΣJ/ψpi(p)g˜
αβ(p)g˜βν(p)
λ̂X/Z
p2 − M̂2Z
+ · · · ,
= − λ̂
2
Z
p2 − M̂2Z − ΣDD∗(p)− ΣJ/ψpi(p) + · · ·
g˜µν(p) + · · · , (11)
where
ΣDD∗(p) = i
∫
d4q
(2π)4
G2ZDD∗
[q2 −M2D] [(p− q)2 −M2D∗ ]
,
ΣJ/ψpi(p) = i
∫
d4q
(2π)4
G2ZJ/ψpi[
q2 −M2J/ψ
]
[(p− q)2 −M2pi]
, (12)
g˜µν(p) = −gµν + pµpνp2 , the GZDD∗ and GZJ/ψpi are hadronic coupling constants, the λ̂Z and
M̂Z are bare objects to absorb the divergences in the self-energies ΣDD∗(p), ΣJ/ψpi(p), etc. The
renormalized self-energies contribute a finite imaginary part to modify the dispersion relation,
Πµν(p) = − λ
2
Z
p2 −M2Z + i
√
p2Γ(p2)
g˜µν(p) + · · · , (13)
the physical width ΓZc(3900)(M
2
Z) = (46±10±20)MeV [4] (or (28.2±2.6)MeV [9]), the zero width
approximation in the hadronic spectral densities works well [28]. In this article, we neglect the
contributions of the scattering states or meson-meson pairs, the predictions are still robust.
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We carry out the operator product expansion up to the vacuum condensates of dimension 10 in
a consistent way, and take into account the vacuum condensates which are the vacuum expectations
of the operators of the orders O(αks ) with k ≤ 1, then obtain the QCD spectral densities through
dispersion relation. Now we take the quark-hadron duality below the continuum thresholds s0 and
perform Borel transform with respect to the variable P 2 = −p2 to obtain the QCD sum rules:
λ2Z exp
(
−M
2
Z
T 2
)
=
∫ s0
4m2c
ds ρ(s) exp
(
− s
T 2
)
, (14)
ρ(s) = ρ0(s) + ρ3(s) + ρ4(s) + ρ5(s) + ρ6(s) + ρ7(s) + ρ8(s) + ρ10(s) , (15)
λZ = λ˜ZMZ , the T
2 is the Borel parameter, the subscripts i in the QCD spectral densities ρi(s)
denote the dimensions of the vacuum condensates,
ρ3(s) ∝ 〈q¯q〉 ,
ρ4(s) ∝ 〈αsGG
π
〉 ,
ρ5(s) ∝ 〈q¯gsσGq〉 ,
ρ6(s) ∝ 〈q¯q〉2 , 4παs〈q¯q〉2 ,
ρ7(s) ∝ 〈q¯q〉〈αsGG
π
〉 ,
ρ8(s) ∝ 〈q¯q〉〈q¯gsσGq〉 ,
ρ10(s) ∝ 〈q¯gsσGq〉2 , 〈q¯q〉2〈αsGG
π
〉 , (16)
the lengthy expressions of the QCD spectral densities are neglected for simplicity. For the technical
details, one can consult Ref.[29]. For the currents J1µ(x) and Jµν(x), one can consult Refs.[19, 29]
for the explicit expressions of the QCD spectral densities. In this work, we recalculate those QCD
spectral densities, and use the formula taijt
a
mn = − 16δijδmn + 12δjmδin with ta = λ
a
2 to deal with
the high dimensional vacuum condensates, where the λa is the Gell-Mann matrix. This routine
leads to slight but neglectful differences compared to the old calculations. For the currents J2µ(x)
and J3µ(x), we neglect the tiny contributions of the 4παs〈q¯q〉2, which originate from the terms like
〈q¯jγµqigsDνGaαβtamn〉.
We derive Eq.(14) with respect to τ = 1T 2 , then eliminate the pole residues λZ to obtain the
QCD sum rules for the masses,
M2Z = −
∫ s0
4m2c
ds ddτ ρ(s)e
−τs∫ s0
4m2c
dsρ(s)e−τs
. (17)
Thereafter, we will refer the QCD sum rules in Eq.(14) and Eq.(17) as QCDSR I.
If we take into account the contributions of the first radial excited states Z ′c at the hadron side,
we can obtain the QCD sum rules,
λ2Z exp
(
−M
2
Z
T 2
)
+ λ2Z′ exp
(
−M
2
Z′
T 2
)
=
∫ s′
0
4m2c
ds ρ(s) exp
(
− s
T 2
)
, (18)
where the s′0 is continuum threshold parameter, then we introduce the notations τ =
1
T 2 , D
n =(− ddτ )n, and use the subscripts 1 and 2 to denote the ground state Zc and the first radial excited
state Z ′c respectively for simplicity. We rewrite the QCD sum rules as
λ21 exp
(−τM21 )+ λ22 exp (−τM22 ) = ΠQCD(τ) , (19)
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here we add the subscript QCD to denote the QCD side. We derive the QCD sum rules in Eq.(19)
with respect to τ to obtain
λ21M
2
1 exp
(−τM21 )+ λ22M22 exp (−τM22 ) = DΠQCD(τ) . (20)
From Eqs.(19)-(20), we obtain the QCD sum rules,
λ2i exp
(−τM2i ) =
(
D −M2j
)
ΠQCD(τ)
M2i −M2j
, (21)
where i 6= j. Now we derive the QCD sum rules in Eq.(21) with respect to τ to obtain
M2i =
(
D2 −M2jD
)
ΠQCD(τ)(
D −M2j
)
ΠQCD(τ)
,
M4i =
(
D3 −M2jD2
)
ΠQCD(τ)(
D −M2j
)
ΠQCD(τ)
. (22)
The squared masses M2i satisfy the equation,
M4i − bM2i + c = 0 , (23)
where
b =
D3 ⊗D0 −D2 ⊗D
D2 ⊗D0 −D ⊗D ,
c =
D3 ⊗D −D2 ⊗D2
D2 ⊗D0 −D ⊗D ,
Dj ⊗Dk = DjΠQCD(τ)DkΠQCD(τ) , (24)
i = 1, 2, j, k = 0, 1, 2, 3. We solve the equation to obtain two solutions [15],
M21 =
b−√b2 − 4c
2
, (25)
M22 =
b+
√
b2 − 4c
2
. (26)
Thereafter, we will refer the QCD sum rules in Eq.(18) and Eqs.(25)-(26) as QCDSR II. In the
QCDSR II, only one solution satisfies the energy scale formula µ =
√
M2X/Y/Z − (2Mc)2 if the
energy scales of the QCD spectral densities are specified, the other solution is discarded. In this
article, we retain the mass M2 (MZ′) and discard the mass M1 (MZ).
3 Numerical results and discussions
We take the vacuum condensates to be the standard values 〈q¯q〉 = −(0.24±0.01GeV)3, 〈q¯gsσGq〉 =
m20〈q¯q〉, m20 = (0.8± 0.1)GeV2, 〈αsGGpi 〉 = (0.33GeV)4 at the energy scale µ = 1GeV [22, 23, 30],
and take theMS massmc(mc) = (1.275±0.025)GeV from the Particle Data Group [9]. Moreover,
we take into account the energy-scale dependence of the quark condensate, mixed quark condensate
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and MS mass,
〈q¯q〉(µ) = 〈q¯q〉(1GeV)
[
αs(1GeV)
αs(µ)
] 12
33−2nf
,
〈q¯gsσGq〉(µ) = 〈q¯gsσGq〉(1GeV)
[
αs(1GeV)
αs(µ)
] 2
33−2nf
,
mc(µ) = mc(mc)
[
αs(µ)
αs(mc)
] 12
33−2nf
,
αs(µ) =
1
b0t
[
1− b1
b20
log t
t
+
b21(log
2 t− log t− 1) + b0b2
b40t
2
]
, (27)
where t = log µ
2
Λ2 , b0 =
33−2nf
12pi , b1 =
153−19nf
24pi2 , b2 =
2857− 5033
9
nf+
325
27
n2f
128pi3 , Λ = 210MeV, 292MeV and
332MeV for the flavors nf = 5, 4 and 3, respectively [9, 31], and evolve all the input parameters
to the optimal energy scales µ with nf = 4 to extract the tetraquark masses.
The Okubo-Zweig-Iizuka supper-allowed decays
Zc → J/ψπ ,
Z ′c → ψ′π
Z ′′c → ψ′′π , (28)
are expected to take place easily. The energy gaps maybe have the relations MZ′ −MZ = mψ′ −
mJ/ψ and MZ′′ −MZ′ = mψ′′ −mψ′ . The charmonium masses are mJ/ψ = 3.0969GeV, mψ′ =
3.686097GeV and mψ′′ = 4.039GeV from the Particle Data Group [9], mψ′ −mJ/ψ = 0.59GeV,
mψ′′ −mJ/ψ = 0.94GeV, we can tentatively choose the continuum threshold parameters as √s0 =
MZ + 0.59GeV and
√
s′0 = MZ + 0.95GeV and vary the continuum threshold parameters and
Borel parameters to satisfy the following four criteria:
1. Pole dominance at the phenomenological side;
2. Convergence of the operator product expansion;
3. Appearance of the Borel platforms;
4. Satisfying the energy scale formula,
via try and error, and obtain the Borel windows, continuum threshold parameters, ideal energy
scales of the QCD spectral densities, and pole contributions of the ground states for the QCDSR
I, see Table 1. The corresponding parameters for the QCDSR II are shown in Table 2. In this
article, we take the energy scale formula µ =
√
M2X/Y/Z − (2Mc)2 with the effective c-quark mass
Mc as a constraint [16]. The energy scale formula can enhance the pole contributions remarkably
and improve the convergent behaviors of the operator product expansion, and works well for both
the tetraquark states and pentaquark states [32].
From Table 1 and Table 2, we can see that the contributions of the ground states are about
(40 − 60)% for the QCDSR I, the contributions of the ground states plus the first radial excited
states are about (70−80)% for the QCDSR II, the pole dominance criterion is well satisfied. In the
QCDSR II, the contributions of the ground states are about (30− 45)%, which are much less than
the corresponding ground state contributions in the QCDSR I, for the ground state masses and
pole residues, we prefer the predictions from the QCDSR I. In calculations, we observe that the
contributions of the vacuum condensates of dimension 10 are of percent level at the Borel widows
for both the QCDSR I and QCDSR II, the operator product expansion is well convergent.
Now we take into account the uncertainties of the input parameters, and obtain the masses
and pole residues of the ground states Zc and the first radial excited states Z
′
c, which are shown
in Table 3 and Table 4. From the Tables, we can see that the ground state masses from the
QCDSR I and the radial excited state masses from the QCDSR II satisfy the energy scale formula
µ =
√
M2X/Y/Z − (2Mc)2, where the updated effective c-quark mass Mc = 1.82GeV is taken [19].
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In Table 4, we also present the central values of the ground state masses and pole residues extracted
from the QCDSR II at the ideal energy scales shown in Table 1. From Table 4, we can see that
the ground state masses cannot satisfy the energy scale formula, so we will discard those values.
This is the shortcoming of the QCDSR II.
In Fig.3, we plot the ground state masses from the QCDSR I and the first radial excited state
masses from the QCDSR II with variations of the Borel parameters at much larger ranges than the
Borel windows shown in Table 1 and Table 2. From the figure, we can see that there appear very
flat platforms in the Borel windows for the [uc]S [d¯c¯]A− [uc]A[d¯c¯]S type, [uc]A˜[d¯c¯]A− [uc]A[d¯c¯]A˜ type
and [uc]A[d¯c¯]A type axialvector tetraquark states. For the [uc]V˜ [d¯c¯]V + [uc]V [d¯c¯]V˜ type tetraquark
state, we only plot the ground state mass, as the ground state mass is large enough. From the figure,
we can see that the platform in the Borel window is not flat enough, at the region T 2 < 3.6GeV2,
the mass increases monotonously and quickly with increase of the Borel parameter, the platform
appears approximately only at the region T 2 > 3.6GeV2.
The predicted massMZ = 3.90±0.08GeV for the ground state [uc]S[d¯c¯]A−[uc]A[d¯c¯]S tetraquark
state is in excellent agreement with the experimental data MZ(3900) = (3899.0 ± 3.6 ± 4.9)MeV
from the BESIII collaboration [4], which supports assigning the Zc(3900) to be the ground state
[uc]S[d¯c¯]A − [uc]A[d¯c¯]S tetraquark state with JPC = 1+− [29]. In Ref.[33], we study the two-body
strong decays Z+c (3900)→ J/ψπ+, ηcρ+, D+D¯∗0, D¯0D∗+ with the QCD sum rules based on solid
quark-hadron duality by taking into account both the connected and disconnected Feynman dia-
grams, and obtain the total width ΓZc = 54.2±29.8MeV, which is consistent with the experimental
data (46± 10± 20)MeV considering the uncertainties [4].
The predicted mass MZ = 4.47 ± 0.09GeV for the first radial excited [uc]S[d¯c¯]A − [uc]A[d¯c¯]S
tetraquark state is in excellent agreement with the experimental dataMZ(4430) = (4475±7+15−25)MeV
from the LHCb collaboration [10], which supports assigning the Zc(4430) to be the first radial ex-
cited [uc]S [d¯c¯]A − [uc]A[d¯c¯]S tetraquark state with JPC = 1+−. We can study its two-body strong
decays with the three-point QCD sum rules to make more reasonable assignment.
The predicted massMZ = 4.01±0.09GeV for the ground state [uc]A˜[d¯c¯]A−[uc]A[d¯c¯]A˜ tetraquark
state and MZ = 4.00 ± 0.09GeV for the ground state [uc]A[d¯c¯]A tetraquark state are both in ex-
cellent agreement with the experimental data MZ(4020/4025) = (4026.3 ± 2.6 ± 3.7)MeV [7] and
(4022.9± 0.8± 2.7)MeV [8] from the BESIII collaboration. There are two axialvector tetraquark
state candidates with JPC = 1+− for the Zc(4020). Again the two-body strong decays should be
studied to make the assignment more reasonably.
The predicted mass MZ = 4.60 ± 0.09GeV for the first radial excited [uc]A˜[d¯c¯]A − [uc]A[d¯c¯]A˜
tetraquark state and MZ = 4.58 ± 0.09GeV for the first radial excited [uc]A[d¯c¯]A tetraquark
state are both in excellent agreement with the experimental data MZ(4600) = 4600MeV from the
LHCb collaboration [1]. On the other hand, the predicted mass MZ = 4.66 ± 0.10GeV for the
ground state [uc]V˜ [d¯c¯]V +[uc]V [d¯c¯]V˜ tetraquark state is also compatible with the experimental data
MZ(4600) = 4600MeV from the LHCb collaboration [1]. Furthermore, the decay Zc(4600)→ J/ψπ
can take place more easily for the ground state tetraquark state, which is consistent with the
observation of the Zc(4600) in the J/ψπ mass spectrum [1]. In summary, there are three axialvector
tetraquark state candidates with JPC = 1+− for the Zc(4600), more experimental and theoretical
works are still needed to identify the Zc(4600) unambiguously.
In Ref.[2], we tentatively assign the Zc(4600) to be the [dc]P [u¯c¯]A − [dc]A[u¯c¯]P type vector
tetraquark state according to predicted mass MZ = (4.59 ± 0.08)GeV from the QCD sum rules
[34], and study its two-body strong decays Zc(4600)→ J/ψπ, ηcρ, J/ψa0, χc0ρ, D∗D¯∗, DD¯, D∗D¯
and DD¯∗, with the QCD sum rules based on solid quark-hadron duality. The large partial decay
width Γ(Z−c (4600)→ J/ψπ−) = 41.4+20.5−14.9MeV is consistent with the observation of the Zc(4600)
in the J/ψπ− mass spectrum.
In Table 3, we also present the diquark spin Suc, antidiquark spin Sd¯c¯ and total spin S of the
tetraquark states. From the Table, we can see that the [uc]A˜[d¯c¯]A − [uc]A[d¯c¯]A˜ and [uc]A[d¯c¯]A
tetraquark states (which have the tetraquark structures |1+, 1; 1〉 − |1, 1+; 1〉 and |1, 1; 1〉, respec-
tively) have slightly larger masses than the [uc]S[d¯c¯]A− [uc]A[d¯c¯]S tetraquark state (which has the
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Zc T
2(GeV2) s0 µ(GeV) pole
[uc]S[d¯c¯]A − [uc]A[d¯c¯]S 2.7− 3.1 (4.4± 0.1GeV)2 1.4 (40− 63)%
[uc]A˜[d¯c¯]A − [uc]A[d¯c¯]A˜ 3.2− 3.6 21.0± 1.0GeV2 1.7 (40− 60)%
[uc]V˜ [d¯c¯]V + [uc]V [d¯c¯]V˜ 3.7− 4.1 (5.25± 0.10GeV)2 2.9 (41− 60)%
[uc]A[d¯c¯]A 3.2− 3.6 21.0± 1.0GeV2 1.7 (41− 61)%
Table 1: The Borel parameters, continuum threshold parameters, energy scales and pole contri-
butions for the QCDSR I.
Zc + Z
′
c T
2(GeV2) s0 µ(GeV) pole (Zc)
[uc]S[d¯c¯]A − [uc]A[d¯c¯]S 2.7− 3.1 (4.85± 0.10GeV)2 2.6 (72− 88)% ((35− 52)%)
[uc]A˜[d¯c¯]A − [uc]A[d¯c¯]A˜ 3.2− 3.6 (4.95± 0.10GeV)2 2.8 (64− 80)% ((30− 44)%)
[uc]A[d¯c¯]A 3.2− 3.6 (4.95± 0.10GeV)2 2.8 (64− 81)% ((29− 43)%)
Table 2: The Borel parameters, continuum threshold parameters, energy scales and pole contri-
butions for the QCDSR II.
structure |0, 1; 1〉 − |1, 0; 1〉). It is reasonable, as the most favored diquark configurations from the
attractive interaction induced by one-gluon exchange are the scalar diquark states, the calcula-
tions based on the QCD sum rules indicate that the scalar and axialvector heavy diquark states
have almost degenerate masses, the mass gaps between the scalar and axialvector heavy diquark
states are small or tiny [20]. Furthermore, it is consistent with the predictions of the constituent
diquark-antidiquark model [12].
The vector (or P-wave) diquark states [uc]V and [uc]V˜ are expected to have larger masses than
the axialvector (or S-wave) diquark states [uc]A and [uc]A˜. For the conventional cu¯ D mesons, the
energy exciting a P-wave costs about 458MeV from the Particle Data Group [9],
5mD∗
2
+ 3mD1 +mD∗0
9
− 3mD∗ +mD
4
= 458MeV . (29)
If the energy exciting a P-wave in the qc diquark systems also costs about 458MeV, the [uc]V˜ [d¯c¯]V +
[uc]V [d¯c¯]V˜ tetraquark state has the largest ground state mass, which is even larger than the masses
of the first radial excited states of the [uc]A˜[d¯c¯]A − [uc]A[d¯c¯]A˜ and [uc]A[d¯c¯]A tetraquark states, as
exciting two P-waves costs about 0.9GeV, which is larger than the energy gap 0.6GeV between
the ground state and the first radial excitation of the hidden-charm tetraquark states.
Zc |Suc, Sd¯c¯;S〉 MZ(GeV) λZ(GeV5)
[uc]S [d¯c¯]A − [uc]A[d¯c¯]S |0, 1; 1〉 − |1, 0; 1〉 3.90± 0.08 (2.09± 0.33)× 10−2
[uc]A˜[d¯c¯]A − [uc]A[d¯c¯]A˜ |1+, 1; 1〉 − |1, 1+; 1〉 4.01± 0.09 (5.96± 0.94)× 10−2
[uc]V˜ [d¯c¯]V + [uc]V [d¯c¯]V˜ |1−, 1; 1〉+ |1, 1−; 1〉 4.66± 0.10 (1.18± 0.22)× 10−1
[uc]A[d¯c¯]A |1, 1; 1〉 4.00± 0.09 (2.91± 0.46)× 10−2
Table 3: The masses and pole residues of the ground states Zc from the QCDSR I, where the
superscripts ± denote the positive and negative parity components of the tensor diquark states,
respectively.
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Figure 3: The masses with variations of the Borel parameters T 2 for the tetraquark states, the
A, B, C and D denote the [uc]S [d¯c¯]A− [uc]A[d¯c¯]S , [uc]A˜[d¯c¯]A− [uc]A[d¯c¯]A˜, [uc]V˜ [d¯c¯]V + [uc]V [d¯c¯]V˜
and [uc]A[d¯c¯]A tetraquark states, respectively.
Zc + Z
′
c MZ(GeV) λZ(GeV
5) MZ′(GeV) λZ′(GeV
5)
[uc]S [d¯c¯]A − [uc]A[d¯c¯]S 3.81 1.77× 10−2 4.47± 0.09 (6.02± 0.80)× 10−2
[uc]A˜[d¯c¯]A − [uc]A[d¯c¯]A˜ 3.78 3.94× 10−2 4.60± 0.09 (1.35± 0.18)× 10−1
[uc]A[d¯c¯]A 3.73 1.76× 10−2 4.58± 0.09 (6.55± 0.85)× 10−2
Table 4: The masses and pole residues of the ground states Zc and the first radial excited states
Z ′c from the QCDSR II.
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4 Conclusion
In this article, we study the ground states and the first radial excited states of the [uc]S [d¯c¯]A −
[uc]A[d¯c¯]S type, [uc]A˜[d¯c¯]A− [uc]A[d¯c¯]A˜ type and [uc]A[d¯c¯]A type tetraquark states and the ground
state [uc]V˜ [d¯c¯]V + [uc]V [d¯c¯]V˜ type tetraquark state with J
PC = 1+− via the QCD sum rules in
an systematic way. The predicted masses support assigning the Zc(3900) and Zc(4430) to be the
ground state and the first radial excited state of the [uc]S [d¯c¯]A − [uc]A[d¯c¯]S tetraquark states re-
spectively; assigning the Zc(4020) to be the ground state [uc]A˜[d¯c¯]A − [uc]A[d¯c¯]A˜ tetraquark state
or [uc]A[d¯c¯]A tetraquark state; assigning the Zc(4600) to be the first radial excited [uc]A˜[d¯c¯]A −
[uc]A[d¯c¯]A˜ tetraquark state or [uc]A[d¯c¯]A tetraquark state, or the ground state [uc]V˜ [d¯c¯]V+[uc]V [d¯c¯]V˜
tetraquark state. More experimental and theoretical works are still needed to identify the Zc(4600)
unambiguously.
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